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Summary. Characterization of sequences homol- 
ogous to the Drosophila melanogaster gypsy trans- 
posable element was carried out in Drosophila 
subobscura (gypsyDS). They were found to be 
widely distributed among natural populations of this 
species. From Southern blot and in situ analyses, 
these sequences appear to be mobile in this species. 
GypsyDS sequences are located in both euchro- 
matic and heterochromatic regions. A complete 
gypsyDS sequence was isolated from a D. subob- 
scura genomic library, and a 1.3-kb fragment which 
aligns with the ORF2 of the D. rnelanogaster gypsy 
element was sequenced. Comparisons of this se- 
quence in three species (D. subobscura, D. mela- 
nogaster, and D. virilis) indicate that there is 
greater similarity between the D. subobscura-D. vi- 
rilis sequences than between D. subobscura and D. 
melanogaster. Molecular divergence of gypsy se- 
quences between D. virilis and D. subobscura is 
estimated at 16 MY, whereas the most likely diver- 
gence time of these two species is more than 60 
MY. These data strongly suggest that gypsy se- 
quences have been horizontally transferred be- 
tween these species. 
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Introduction 
~rans~osable  elements (TEs) are ubiquitous con- 
stituents of living organisms. They seem to be par- 
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titularly important in evolution as a source of vari- 
ation. Among eukaryotes, the best-characterized 
TEs are those of Drosophila melanogaster. To 
date, 30 different families have been described in 
this species (Finnegan and Fawcett 1986). All of 
these families are formed by active members which 
are able to transpose. In D. melanogaster, a con- 
siderable proportion of the morphologically sponta- 
neous mutations are caused by the insertion of mo- 
bile genetic elements. (For reviews see Bingham 
and Zachar 1989; McDonald 1989.) Transposition 
may also induce major genetic instability, for exam- 
ple, hybrid dysgenesis (Kidwell et al. 1977; for cur- 
rent reviews, see Engels 1989; Finnegan 1989). 
Extensive surveys have been carried out on the 
distribution of D. melanogaster TEs in Drosophila 
species in an effort to study their dispersal and evo- 
lution (Martin et al. 1983; Broofcfield et al. 1984; 
Lansman et A. 1985; Daniels and Strausbaugh 1986; 
Stacey et al. 1986; Silber et al. 1989; Daniels et al. 
1990a,b; de Frutos et al. 1992). F-homologous se- 
quences have been detected in all species tested 
(Stacey et al. 1986). Gypsy-, 412-, and copia- 
homologous sequences are widely distributed in the 
Drosophila genus, with discontinuities (Martin et 
al. 1983; Brookfield et al. 1984; Stacey et al. 1986; 
de Frutos et al. 1992). P-homologous sequences are 
widely distributed within the Sophophora subge- 
nus, although they are absent in species most 
closely related to Drosophila melanogaster (Stacey 
et al. 1986; Daniels et al. 1990a). Hobo-, 297-, I-, 
and FB-homologous sequences are almost com- 
pletely restricted to the melanogaster group (Martin 
et al. 1983; Brookfield et al. 1984; Silber et al. 1989; 
Daniels et al. 1990b). Although the extent of distri- 
bution varies depending on the element, these data 
indicate that sequences homologous to some TEs of 
D.  metanogaster are present in other Drosophila 
species. However, as the majority of data is based 
on Southern blot analysis for the presence or ab- 
sence of each homologous sequence, it is open to 
question whether they are active elements or just 
inactive residues. The set of TEs in each species is 
most probably composed of inactive relict junk se- 
quences plus some functional active elements. 
Since functional element activity changes depend- 
ing on the strain or natural population analyzed 
(Csink and McDonald 1990), it is necessary to de- 
termine to what extent the set of TEs is functional 
in a species or strain in order to determine whether 
TEs can be considered an evolutionary force at 
present. It is with this objective in mind that we 
have initiated a molecular analysis of gypsy- 
homologous sequences in D. subobscura as an ini- 
tial step in the examination of actively transposing 
sequences in Drosophila species other than D. mel- 
anogaster. As mentioned earlier, sequences homol- 
ogous to the retrotransposon gypsy of D. melano- 
easier are widely distributed among Drosophila 
species (Martin et al. 1983; Stacey et al. 1986; de 
Frutos et al. 1992). Differences were found, in 
terms of sequence similarity among species, using 
Southern analysis at different stringency levels. 
Only some species of the virilis and obscura groups 
showed positive hybridization signals under high- 
stringency conditions. It is not clear whether gypsy 
sequences are almost always active in Drosophila 
species, or if these widespread sequences are only 
the relics of functional ones. Unfortunately there is 
little information on this matter. Recently, a gypsy 
sequence from D. virilis has been characterized 
which seems to be transpositionally active 
(Mizrokhi and Mazo 1991). The authors suggest that 
horizontal transfer could be involved in the process 
of spreading and evolution of gypsy. 
In this paper we report the molecular character- 
ization of gypsy sequences of D .  subobscura 
(gypsyDS), which seem able to transpose in this 
species. On comparing D. virilis and D .  subobscura 
gypsy sequences, they were found to be closer to 
each other in terms of nucleotide sequence similar- 
ity than they were to the D. melanogaster gypsy. 
Our results suggest that horizontal transfer has been 
involved in the evolution of gypsy in these species. 
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Fig. 1. Restriction map of the D. melanogaster gypsy element 
(Marlor el al. 1986) 
European strains: H271 (Finland), SN, L, and UP (Sweden), G 
(Denmark), FT (Scotland), To (Germany), TA (Holland), 
DIE, RO, and BU (Switzerland), CY (France), FP (Italy), 
and PM, COL, and R (Spain). 
African strains: MAR (Morocco), BI (Tunisia), MA (Madeira 
Islands), RA (Canary Islands), and AZ (Azores Islands). 
North American strains: DA, AL, EU, CJ (USA), and PC (Can- 
ada). 
South American strains: BA (Argentina) and SL (Chile). 
Probes 
A plasmid containing a 7.0-kb XhoI fragment from the complete 
D. melanogasier gypsy element was used as a probe in Southern 
blot hybridizations and in the screening of a D. subobscura ge- 
nomic library. The XhoI restriction sites are located in the LTRs 
(Fig. l) ,  and this restriction fragment includes most of the gypsy 
element. A 7.0-kb XhoI fragment from the DsEl clone, isolated 
from the D. subobscura genomic library, was used as a probe for 
the in situ hybridization. 
Materials and Methods 
DNA Preparation, Restriction, and Blot Analysis 
Drosophila subobscura Strains 
The strains of D. subobscura used in this study were obtained 
from different natural populations over the distribution area of 
this species. They were as follows: 
These methods were performed using standard procedures. Ge- 
nomic DNAs were quantified by spectrofluorimetry; 7 fig of 
DNA per strain was digested and subsequently electrophoresed. 
Blot hybridizations were made in 5 X  SSC, 0.02% SDS at 65' C 
and washed in l x SSC, 0.1% SDS at 45' C. Probes were labeled 
In Situ Hybridization 
' 
In situs were carried out following the method described in Terol 
et al. (1991). Probes were labeled with 'H-~CTP. 
Cloning and DNA Sequencing 
Gypsy homologous sequences were isolated from a library con- 
structed with genomie DNA from Â£> subobscura H271 strain. 28 
positive clones were identified. From these. clone DsEl was 
selected for further analyses since it contained a full-length ele- 
ment. Different restriction fragments were subcloned into 
pUCI8 and pUCl9 and subsequently sequenced. Plasmid DNA 
sequencing was performed by the Sanger dideoxy chain terrni- 
nation method (Sanger el al. 1977; Tabor and Richardson 1987). 
Fig. 2. Southern blots of genomic DNAs of different D. sub- 
obseura strains probed with the Xhol fragment from the D. mel- 
anogaster gypsy element. A European strains. B-D American 
and African strains. DNA samples were digested with: Hindi11 
(A and B), KpnI (C) and BgiIl (D). Strains: Lane 1, H271; 2 ,  SN; 
with digoxigenin-dUTP. Color detection was performed accord- 
ing to the manufacturer's protocols (Boehringer Mannheim). 
3 ,  G; 4 ,  L; 5, TO; 6, DIE]; 7, DIE2; 8, FT; 9, CY; 10, TA; 11, 
FP; 12, PM; 13, COL; 14, OrR of D. melanogaster; 15, DA; 16, 
AL; 17, BA; 18, EU1; 19, EU2; 20, CJ; 21, PC; 22, SL; 23, MA, 
24, RA; 25, MAR; 26, BI. Nomenclature of the strains is de- 
scribed in Materials and Methods 
DNA sequences were analyzed using DNASTAR and 
CLU STAL programs. 
Results 
GypsyDS Sequences in Natural Populations of 
\ D.  subobscura 
We have analyzed the presence of sequences ho- 
mologous to the D. melanogaster gypsy element in 
natural populations over the distribution area of D. 
subobscura. Genornic DNAs from each of the dif- 
ferent strains were digested with Xhol ,  BglII, 
BumHI, Hina'IIl, or KpnI and probed with the al- 
most complete D. melanogaster gypsy element. A 
selection of the blots is shown in Fig. 2. The impor- 
tant points to emphasize from these analyses are as 
follows: 
Table 1. Distribution of gypsyDS sequences on polytene chromosomes of D. subobscuraa 
Chromosome 
A J U E 0 
- 
Region: 1A 2A 3A 7B 17B 35AB 37A 38C 39D 50C 54A 55A 84.4 
Strain 
PC 1 + - + +  + +  + +  + +  - - + +  - - - - 
PC2 - - + +  + +  + +  + +  - - + - - - - 
TU 1 - + +  + +  + +  - + + - + +  + +  - - - - 
TU2 - - + +  + - + + + + - + +  - - 
DIE 1 - + + +  - + + + +  + +  + +  - - - + +  - 
DIE2 - + + + * + + + - - - - + - 
SN 1 - + +  + +  + +  + +  + +  + + + +  - - - - 
SN2 - + +  + +  + +  + +  + +  - + +  + +  + +  - - - 
MAR 1 - + +  + +  - + + - - + +  + +  - - - + + 
MAR2 - - + +  + - + + - + +  + +  - - - - + 
H271 + - + + +  - + + + + - - - *- - 
a + + strong hybridization signal, + weak hybridization signal, - no hybridization 
First, gypsyDS sequences are present in all 
strains of D. subobscura analyzed. 
Second, the hybridization patterns vary among 
strains, indicating the possible presence of actively 
transposing elements. 
Third, complete gypsyDS sequences were de- 
tected in all strains analyzed as 7.0-kb XhoI frag- 
ments (data not shown). 
Fourth, the internal molecular structure of the 
element tends to be conserved among strains; for 
example, all of the analyzed strains contained 3.3- 
and 1.6-kb Hindlll and 1.6-kb K p d  internal frag- 
ments (Fig. 2A-C); 1.6-kb Hindil! and KpnI frag- 
ments are also present in the D .  melanogaster 
gypsy element. 
Finally, five of the 26 strains analyzed (lane 2 
from Sweden, lane 5 from Germany, lane 6 from 
Switzerland, lane 21 from Canada, and lane 25 from 
Morocco) show striking hybridization patterns with 
strong signal intensity and different banding pat- 
terns. This suggests that gypsyD.5 sequences in 
these strains could be polymorphic for some restric- 
tion sites and be present at a high copy number. 
Chromosome Localization and Copy Number of ' 
GypsyDS Sequences 
In order to determine the number and chromosomal 
distribution of gypsyDS, we conducted an in situ 
analysis of polytene chromosomes in larvae from 
SN,  TU, DIE, PC, MAR (two individuals per 
strain), and H271 strains. The results, which are 
summarized in Table 1, indicate that gypsyDS se- 
quences hybridize to both heterochromatic and eu- 
chromatic regions. The number of positive euchro- 
matic hybridization sites varies from four to seven 
per strain. Positively hybridizing sections 1A-2A 
(Fig. 3B), 17B (Fig. 3A,E), and 37A and 54A (Fig. 
3C) are localized in the centromeric ends of A, J, U, 
and E chromosomes, respectively, which indicates 
that gypsyDS in these regions is located in, or near, 
the heterochromatin. The D. melanogaster gypsy 
element hybridizes extensively to the chromocenter 
and to only a few sites on the chromosome arms 
(Modolell et al. 1983; Bajev et al. 1984). Of the 13 
chromosomal sites of hybridization, only 3A, 7B, 
35AB, and 39D are shared by all the strains, and the 
rest of them vary among strains. Remarkably, the 
50C site of the E chromosome (Fig. 3D) and the 84A 
site of the 0 chromosome are restricted, respec- 
tively, to SN and MAR strains. The sites tend to be 
the same for the two individuals of each strain, ex- 
cept in TU, in which three sites were altered. 
These results suggest that gypsyDS sequences 
are able to transpose in D.  subobscura. However, 
most intrastrain differences are found in hetero- 
chromatic regions. Heterochromatin in polytene 
chromosomes is underreplicated and could give 
negative hybridization even if gypsyDS elements 
were present. 
Remarkably, careful analysis of hybridization 
signals shows that signals are almost always com- 
posed of several lines or regions of labeling. While 
the 17B region from strain PC appears to be com- 
posed of two labeled lines (Fig. 3E), 17B from strain 
SN appears as a single strong line (Fig. 3A). This 
could be due to the fact that gypsyDS sequences are 
so close on the chromosomes that they can only be 
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tances are not correlated with phylogenetic dis- 
tances between these species. (See Discussion.) 
Sequence comparisons were also used in an at- 
tempt to determine whether gypsyDS elements are 
functionally active, by assuming that selection 
would act against replacement substitutions in func- 
tional elements. The 1.3-kb sequenced region aligns'] 
with the terminal part of the reverse transcriptase 
domain and the initial part of the endonuclease do- 
main in ORF2 of the D. melanogaster gypsy ele- 
ment (arrowed in Fig. 5). Most of the amino acid 
nonsilent site) for D. melanogaster-D. subobscura 
are Dc = 0.6980 and Do = 0.0828, and for D. su- 
bobscura-D. virilis Dg = 0.2481 and Do = 0.0349 
(Table 2). In both cases the values of Dc are much 
higher than Do, which indicates that gypsy se- 
quences seem to have been subjected to purifying 
selection against replacement substitutions. 
Discussion 
changes between ' ~ ~ ' 9  D. me'anogaster? and D. GypsyDS Sequences Seem to be Transpositbnully 
virilis are conservative (indicated by asterisks in in subot,scura 
Fig. 5 ) .  Furthermore, the values of Dg (number of 
silent substitutions per effectively synonymous site) Sequences homologous to TEs of D. melanogaster 
and Do (number of replacement substitutions per are not well represented in the genome of D. sub- 
Fig. 5. Alignment of the putative protein sequences from D. 
melanogasier, D.  subobscura, and D. virilis. Conservative 
changes are indicated by an asterisk. The following changes were 
considered conservative: L = V = I = A/ S = TI K = R/ E = 
Dl N = Q/ Y = F. The terminal part of the reverse transcriptase 
domain and the initial part of the endonuclease domain are indi- 
cated by arrows 
obscura. Southern blot analysis has shown that 8 
out of 14 D. melanogaster elements tested were 
completely absent from D. subobscura (copia, 297, 
mdg3,3Sl&,G, jockey, hobo, and FB3); of the other 
6 elements, mdgl, P ,  and I showed weak hybrid- 
ization signals, and only gypsy, 412, and F showed 
hybridization at high stringency (de Frutos et al. 
1992). We do not know whether these 6 families of 
elements ( m w ,  P, I, gypsy, 412, and F )  include 
true active mobile elements in the D. subobscura 
genome which could have a major influence on vari- 
ation and evolution or are instead composed only of 
inactive relics. 
From the 6 families of sequences homologous to 
D. melanogaster TEs described in D. subobscura, 
we have information only on P sequences and 
gypsyDS. P sequences in D. subobscura lack exon 
3 and thus cannot transpose (Paricio et al. 1991). 
In contrast, several observations suggest that 
gypsyDS sequences are active in D. subobscura: 
First, the results of Southern analysis, namely, 
heterogeneous banding patterns among different 
strains, are those expected for true mobile ele- 
ments. 
Second, the distribution of occupied sites on 
polytene chromosomes varies in the six strains an- 
alyzed. 
Third, comparison between D.  melanogaster and 
D. subobscura shows that the number of silent sub- 
stitutions per effectively synonymous site (Dc = 
0.6980) is significantly higher than the number of 
replacement substitutions per nonsilent site (Do = 
0.0828). Similar results were obtained when com- 
paring D. virilis-D. subobscura sequences (Dc = 
0.2481 and Do = 0.0349), suggesting that the evo- 
lution of gypsy sequences is subjected to functional 
constraints. 
Gypsy Sequences Are Subjected to * 
Horizontal Transfer 
The recent-invasion hypothesis proposed by Kid- 
well (1979, 1983) assumes that P elements were 
transferred horizontally between Drosophila spe- 
cies. Subsequent experimental evidence strongly 
supports the existence of horizontal transfer of P 
elements among Drosophila species (Anxolabkhkre 
et al. 1988; Daniels and Strausbaugh 1986; Daniels 
et al. 1990a). Horizontal transfer also seems to be 
involved in the spreading and evolution of hobo, I, 
and jockey retroposons (Abad et al. 1989; Mizrokhi 
et al. 1990; Pascual et al. 1991). However, the ex- 
tent to which horizontal transfer of these elements 
and other TEs occurs in Drosophila remains un- 
known (Kidwell 1992). 
Retroelements are a widely extended group of 
genetic elements in living organisms. Comparison 
of retrosequences indicates interesting evolutionary 
relationships between them; for example, the gypsy 
retrotransposon group clusters closer to caulimovi- 
ruses than to the copia element, and copia clusters 
with Ty1 from yeast (Doolittle et al. 1989). Horizon- 
tal transfer has been invoked to explain these rela- 
tionships. We have little information about evolu- 
tionary relationships of retroelements among 
Drosophila species. With respect to the gypsy ele- 
ment, an extensive survey by blot hybridization has 
i been carried out in order to detect the distribution 
of gypsy-homologous sequences among the Droso- 
phila genus (Stacey et al. 1986). They are widely 
distributed among both the Sophophora and Dwso- 
phila subgenus, and are also present in D.  busckii, 
belonging to the Dorsilopha subgenus. It is possible 
therefore that ancestral gypsy sequences were 
present before early radiations. However, no cor- 
relation has been found between phylogenetic dis- 
tance and conservation of gypsy-homologous se- 
quences relative to D. melanogaster. The most 
Table 2. Comparative analysis of gypsy sequencesa 
D .  subobscura vs. D. melanogaster D. subobsiura vs. D. 1 irilis 
D. subobscura Corrected Corrected 
Percent percent Percent percent 
Total No of divergence divergence No of divergence divergence 
Sites no changes (D) (k) changes (D) (k) 
Silent sites 302 21 1 D, = 0.6980 ks = 2.0103 75 Ds = 0.2481 kc = 0.3013 
Replacement sites 1003 83 Dc = 0.0828 kB = 0.0877 35 DR = 0.0349 ko = 0.0357 
Total site 1305 298 DT = 0.2284 kT = 0.2724 110 DT = 0.0843 kT = 0.0894 
' The number of silent sites was calculated according to Hart1 and d a r k  (1988). Corrected percent divergence was estimated as k = 
conserved sequences were observed in species 
from Drosophila subgenus. A similar degree of con- 
servation has only been found in species of the 
Sophophora subgenus belonging to the obscura 
subgroup. Subsequently, a survey for gypsy- 
homologous sequences among the obscura-group 
species indicated that, although they are present in 
all 15 species analyzed, conserved sequences are 
restricted to the obscura and affinis subgroups. Se- 
quence comparisons of a 1.3-kb gypsy ORF2 region 
of D. melanogaster, D. virilis, and D. subobscura 
reinforces the degree of conservation inferred by 
blot analysis. The percent identity of the 1.3-kb nu- 
cleotide sequence is 77.2% between D. subobscura 
and D. melanogagter, 91.5% between D. subob- 
scura and D. virillis, and 77.0% between D. mela- 
nogaster and D. virilis. There is a remarkable sim- 
ilarity between these values and those from 
conserved conventional genes among species of ob- 
scura-melanogaster-virilis groups (Blackman and 
Meselson 1986; Wilde and A k a  1987; Seeger and 
Kaufman 1990), particularly since retrotransposons 
might be expected to evolve more rapidly than 
other sequences because of the use of error-prone 
reverse transcriptase in their replication. Most sig- 
nificantly, the degree of similarity in gypsy se- 
quences is not correlated with the phylogenetic dis- 
tances between species. Assuming that the rate of 
evolution of gypsy sequences has been similar in the 
three species, the molecular divergence time be- 
tween D. subobscura and D. virilis sequences is 
estimated as 16 MY. This time is much lower than 
the most likely divergence time of more than 60 MY 
for the divergence between the virilis and melano- 
Africa. At present, this last species is colonizing 
North and South America (Brncic et al. 1981; Beck- 
enbach and Prevosti 1986). 
Examples of horizontal transfer between species 
are becoming increasingly numerous. A phenome- 
non that at first seemed unlikely is now accepted as 
a probable mechanism of sequence spreading be- 
tween individuals (Kidwell 1992). Moreover, if a lot 
of horizontal transfer is going on, the different in 
situ patterns observed in gypsyDs could also be ex- 
plained by independent and repeated horizontal 
transfer events that went on many times, in many 
places. This latter explanation seems unlikely due 
to the low probability of the occurrence of many 
horizontal transfer events. The fact that gypsyDs 
could be mobile in D. subobscura is a simpler ex- 
planation for the in situ hybridization patterns and 
our present research aims to confirm it. 
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